Based on the spectral scan data of NOAA AR 10325, 10484 and 10377 obtained with the Solar Magnetic Field Telescope at Huairou Solar Observing Station, we analyse the azimuthal differences ( δφ) between the line centre and the line wing −0.12 Å of Fe I λ5324.19 caused by Faraday rotation. Grids of the longitudinal field B z and inclination ψ for intervals of 100 G and 3
I N T RO D U C T I O N
The effect of Faraday rotation is a notable problem for measurements of the magnetic field in solar active regions obtained with vector magnetographs (Landolfi & Landi Degl'Innocenti 1982) . In particular, it is difficult to diagnose its influence on the vector magnetograms obtained with a filter-type magnetograph. This kind of instrument usually obtains the data with high spatial and temporal resolution at the specific spectral position of a magnetic-sensitive line. An obvious drawback is the spareness of spectropolarimric information at a wide range of wavelengths for the regular observing data relative to Stokes polarimeters. It has been found that Faraday rotation has a much greater influence on the measurements at the centre of a magnetic-sensitive spectral line than it does on those at the wing (West & Hagyard 1983; Hagyard et al. 2000) .
A series of analyses and comparisons has been performed (Ai, Li & Zhang 1982; Wang et al. 1992; Bao et al. 2000; Zhang 2000; Zhang et al. 2003; Su & Zhang 2004b; Su et al. 2006 ) on the influence E-mail: gy@bao.ac.cn on the measurement of the transverse magnetic field at the line centre of Fe I λ5324.19, which is used by the Solar Magnetic Field Telescope (SMFT) at Huairou Solar Observing Station (HSOS). It is found that the average azimuthal rotation caused by Faraday rotation is about 12
• when the transverse field measurements are taken at the line centre of Fe I λ5324.19 for observations obtained over the last 20 years. Moreover, Bao et al. (2000) found that the azimuthal differences measured by SMFT and the Haleakala Stokes Polarimeter (HSP) of Mees Solar Observatory (Mickey 1985) are strongly correlated with longitudinal magnetic fields obtained by HSOS.
The influence of Faraday rotation on the HSP magnetogram data has been analysed by Skumanich & Lites (1987) and Ronan, Mickey & Orrall (1987) , and the radiative transfer of the Fe I λ5324.19 line has been analysed by Ai et al. (1982) , Jin & Ye (1983) and Zhang (1986) . Zhang (2000) found that the azimuthal rotations are consistent with the numerical solutions. Su & Zhang (2004b) analysed the distribution of azimuthal rotations in the active region NOAA 10162 with a non-linear least-squares fitting technique. The results show that the azimuthal rotation is closely associated with the field strength and the inclination. However, none of the common quantitative features of azimuthal rotation were found in the vector magnetograms of sunspots at that time. Gao, Xu & Zhang (2007) compared the azimuthal differences measured at 0.00 Å and −0.12 Å offset to Fe I λ5324.19 in three active regions and found that the azimuthal differences ( δφ) between the two spectral positions were roughly the same at a certain range of longitudinal magnetic field. This finding prompted us to investigate the distributions of azimuthal differences as a function of longitudinal field and inclination.
We obtain the distribution of the observed azimuthal differences between the line centre (0.00 Å) and the line wing (−0.12 Å) in Section 2. The simulation of Faraday rotation is performed and the results are compared with the observations in Section 3. In Section 4, the correcting formulae are applied to the electric current statistics in 393 vector magnetograms. Finally, some conclusions are presented in Section 5.
O B S E RVAT I O N S A N D DATA R E D U C T I O N
Observational data are vector magnetograms taken by the SMFT, which is a tunable birefringent filter-type video vector magnetograph (Ai & Hu 1986) . For the photospheric observations, the filter passband is set in the line of Fe I λ5324.19. Normally, the longitudinal field is measured at −0.075 Å off the line, and the transverse fields are measured at the line centre 0.0 Å. The equivalent width of the Fe I λ5324 line is 0.344 Å, and the full width at half-maximum (FWHM) of the filter passband is 0.125 Å. Vector magnetograms are reconstructed by means of the following relationships:
, where C and C ⊥ are the calibration coefficients for the longitudinal and transverse fields (Wang, Ai & Deng 1996) . In the present work, we take the calibration coefficients at 0.00 Å and −0.12 Å off the line as obtained in Su & Zhang (2004a) . The vector magnetograms are shown in Fig. 1 . We take measurements in the neighbourhood of the solar disc centre (NOAA 10325: X = 11.7
• , Y = 17.6
• ; NOAA 10484: X = 4.0
• , Y = −12.5 • ; NOAA 10377: X = 5.4
• , Y = −9.9 • ). The amplitude of a strong longitudinal magnetic field calibrated with the linear calibration coefficient is usually not accurate for many reasons, such as magnetic saturation, filling factors, and stray light (Su & Zhang 2005) . As is clearly shown in the two lower panels of Fig. 1 , the contours indicate that the field strength in the darkest parts of sunspots decreases, whereas it must in reality increase. Faraday rotation is strongest at sunspot umbrae, where the field strength is stronger. We do not, however, have a valid method with which to analyse Faraday rotation in this area at present. In previous statistical works such as Bao & Zhang (1998), Hagino & Sakurai (2004) and Zhang (2006) , the authors selected the data points at which the transverse field B t > 100 G, B t > 150 G, and |B x , B y | > 200 G, respectively. Under these limits, most pixels in the inner umbral area impacted by the magnetic saturation effect will be neglected and thus contribute little to the statistical mean values. The more detailed analysis of Faraday rotations in the area needs cooperative solution of the effects of magnetic saturation in the future. According to the recent investigation by Ruan & Zhang (2006) , the linearity between the circular polarization signal of the Fe I λ5324.19 line and the longitudinal field is good when B z ranges from 0 to 1000 G in the usual cases. The corresponding transverse fields in this range of B z are the main contributors to J z , H c and α av for a whole vector North is up and west is to the right.
magnetogram. As a result, our present analysis will be helpful for the further calculation of these statistical parameters. The definitions of J z and H c can be found in Bao & Zhang (1998) and that of α av in Hagino & Sakurai (2004) .
Faraday rotations impact the azimuth of the transverse field but do not change the amplitudes of the longitudinal and transverse fields, no matter which offset of the spectral line is taken. Because the regular measurements of the transverse field are taken at the line centre, 0.00 Å, we select the linearly polarized data at the wavelength offsets 0.00 Å and −0.12 Å to obtain the azimuthal differences ( δφ). The differences give the amount of Faraday rotation at the line centre with reference to the −0.12 Å. As is well known, remnant Faraday rotation exists even at the line wing. It is difficult to remove this part of the Faraday rotation from the viewpoint of observations because there is currently no perfect reference observation that is free of Faraday rotation. It is, however, possible for us to obtain the Faraday rotation at the line centre from numerical simulation of the radiative transfer equations. If the numerical simulation result at the line wing is compatible with that for the observations, we can employ the theoretical result at the line centre to make corrections to the observational data. The data measured at the line wing −0.12 Å are equivalent to those measured at a wing farther out, for example at −0.15 Å. Because Su & Zhang (2004a) has given the calibration coefficients at −0.12 Å, we prefer this spectral position in the present work. We first seek the azimuthal differences between the line centre and the line wing in the observations.
We scanned the three active regions NOAA 10325, 10484, and 10377 by tuning the filter from −0.15 Å to +0.15 Å. The time required to obtain a set of Stokes Q/I, U/I and V/I images was about 45 s for each spectral position. Each image was taken with 256 integrated frames. The noise levels of V/I, Q/I, U/I, B x , B y and B z at two spectral positions were estimated by analysing the signals in quiet regions. In this work, the pixels with signals greater than the noise levels are selected, and thus the selected pixel numbers for AR 10325, 10484 and 10377 are 950, 298, 2227, respectively. All of the pixels are divided into 7 × 11 groups, in which B z ranges from 200 to 900 G and ψ from 75
• to 42
• in steps of 100 G and −3 • , respectively. In each group, azimuthal differences are averaged and their 1σ deviations are calculated. It is required that there is more Table 1 . The average azimuthal difference ( δφ) and the standard deviation (σ ) of three active regions. The ratio of the number of pixels in each group to the total number of pixels is shown in brackets.
300-400 400-500 500-600 600-700 700-800 800-900 3.4 ± 5.9(1.4) 4.0 ± 3.7(3.2) 5.7 ± 3.0(4.9) 63-66 4.1 ± 5.0(2.4) 5.2 ± 3.6(3.7) 6.0 ± 3.3(3.7) 60-63 5.5 ± 4.7(1.7) 4.8 ± 3.8(3.5) 6.4 ± 3.7(6.1) 6.9 ± 3.9(1.6) 57-60 5.0 ± 4.2(2.4) 5.3 ± 4.9(4.7) 7.5 ± 5.5(5.3) 54-57 6.0 ± 5.0(1.2) 4.3 ± 6.5(3.9) 7.8 ± 7.0(4.9) 51-54 7.5 ± 8.4(2.2) 8.6 ± 6.9(4.5) 8.5 ± 6.6(3.4) 48-51
7.3 ± 6.7(2.8) 9.9 ± 6.3(5.6) 10.8 ± 4.5(1.3) 45-48
9.3 ± 6.5(3.3) 10.3 ± 5.7(3.0) 42-45 7.9 ± 10.5(1.8) 9.5 ± 7.3(2.1) than 1 per cent of all the pixels in a group; otherwise it is omitted. Table 1 shows 92.4 per cent of the total pixels being taken into consideration. It is shown that the azimuthal rotations are of the same magnitudes when B z is in a 100-G interval. The azimuthal differences obviously increase with increasing B z and decrease with increasing ψ. The azimuthal differences associated with B z are well fitted by a linear formula:
where δφ o is the observed azimuthal difference between 0.00 and −0.12 Å off the line.
C O M PA R I S O N S W I T H N U M E R I C A L S O L U T I O N S

Numerical simulations of azimuthal rotations
Allen (1973) described some basic physical features for sunspots. The relation between the radius of the spot umbra r u and penumbra r pu is r u /r pu = 0.42, and the relation between the longitudinal field B z in a sunspot and the magnetic field B 0 in the centre of a sunspot is expressed as B z = B 0 exp (−2.1r 2 /r 2 pu ). Moreover, the inclination of the magnetic field is ψ = 75
• r/r pu . From the above relations, it is seen that the two quantities B z and ψ of sunspots are strongly correlated with each other.
In the simulation, when 0.4 r/r pu 1, the penumbral model of Ding & Fang (1989) is adopted, and when 0 r/r pu 0.4, the umbral model of Allen (1973) is adopted. We consider a simple situation: a sunspot located at the centre of the solar disc.
The Stokes Q/I, U/I, and V/I profiles are obtained after being convoluted with the transmission profile of the filter (Ai et al. 1982) , namely 
where the subscript 'f' refers to the linearly polarized signals modified by Faraday rotation.
When the values of B 0 from Allen (1973) are adopted and the ratio r/r pu ranges from 0.4 to 1.0 in steps of 0.1, the parameters of B z and ψ can be obtained with the basic relations mentioned above. In addition, the azimuth φ is fixed to be 5
• . Combining the input parameters B z , ψ and φ with the penumbral atmospheric model, we solve the radiative transfer equation and obtain a series of azimuthal rotations varying with B z at the line centre 0.00 Å. The results are presented in Fig. 2 . We make a polynomial fit to the calculated data. The fitting formula is δφ 0.00 = 0.0254
The 1σ fitting errors of the two coefficients are 0.0007 and 3.4 × 10 −7 , and the errors of δφ 0.00 in the field strength intervals 300-400, 400-500, 500-600, 600-800, 800-1200, 1200-1700 and 1700-3000 G are calculated. They are 0.
• 4, 0.
• 8, 0.
• 5, 0.
• 9, 1.
• 1, 1.
• 5 and 1.
• 0 respectively. Moreover, when we let the azimuth φ vary from 5
• to 10
• , 30
• , and 45
• , the above formula shows nearly no change, indicating that the azimuthal rotation is not relevant to the input azimuth.
We also present another linear fitting formula, which allows us to compare the theoretical results with the observational ones:
where δφ t denotes the difference of δφ 0.00 and δφ −0.12 . Here we concentrate on the amplitude of the azimuthal rotation, so δφ 0.00 and δφ t only stand for the amplitudes and have no relationship to the direction of azimuthal rotation. In the observations, the transverse azimuth will increase (or decrease) by δφ 0.00 when B z > 0 (or B z < 0) because of Faraday rotation. As a result, if the amplitude of azimuthal rotation under a specific longitudinal field strength is known, we can make the observed azimuth minus or add δφ according to the magnetic polarity to correct the azimuth.
We now seek the numerical solutions of azimuthal rotations in the umbra at the line centre 0.00 Å. The total magnetic field ranges from 2000 to 3000 G in steps of 500 G, and the inclination ranges from 
10
• to 30
• . The distribution of the rotations is given in Fig. 2 with the diamond symbols. It shows that the penumbral fitting curve is still a good approximation for the data of the umbral model. Additionally, the azimuthal rotations show their maximum deviation from the fitting line is 5.4
• and it accounts for about 15.7 per cent of the corresponding azimuthal rotation 34.4
• .
Comparison
In Table 1 it can be seen that the observed azimuthal differences are nearly equal in each column. In Fig. 2 , it can be seen that the fitting curve is closely surrounded by asterisks. They both show that the azimuthal differences can be well described by their correlation with the longitudinal field. To make the comparison of the observed azimuthal differences with the numerical solutions more quantitative, we average the data in each column of Table 1 and obtain the mean values and standard deviations.
The mean values are 2.
• 8, 4.
• 4, 5.
• 2, 6.
• 0, 7.
• 9, 9.
• 0, and 9.
• 8. The errors are 4.
• 2, 3.
• 8, 5.
• 5, 6.
• 6, 7.
• 3, and 6.
• 4. They are shown in Fig. 3 as asterisks and error bars, together with the theoretical fit, shown as a dotted line. The corresponding theoretical values are 3.
• 6, 5.
• 0, 6.
• 4, 7.
• 8, 9.
• 1, 10.
• 4 and 11.
• 6. The maximum difference between the observed mean values and the theoretical values is 1.
• 8 . In addition, for contrast, the theoretical fitting curve (dashed line) of δφ 0.00 is also plotted in Fig. 3 . As expected, the observed and theoretical azimuthal differences between the line centre and the line wing are consistent, so it is reasonable to adopt the theoretical results to make corrections to the data taken at the line centre.
Corrections for current and helicity
The current and helicity are very sensitive to the azimuthal variation produced by Faraday rotation. We calculate these parameters at the line centre 0.00 Å before and after the correction with formulae (1) and (3) result shows that it is advisable to carry out the statistical correction for Faraday rotations in the vector magnetograms taken by filter-type vector magnetograph because there exists a consistent relationship of azimuthal rotation with longitudinal field and inclination even for different active regions.
(ii) We present three correcting formulae, namely (1), (2), (3), of which formulae (1) and (3) reduce the Faraday rotation at 0.00 Å to nearly the same level. Comparing the mean J z values of 393 vector magnetograms corrected with formulae (1) and (3), we find that they are about 57.0 and 46.4 per cent of the original values. It shows that the theoretical correcting formula (3) is basically equivalent to the observational one (1) in the statistical correction of the Faraday rotation, which justifies the application of the theoretical results to the observational correction. That is to say, it is advisable to adopt formula (2) for the correction of the line centre data. In line with expectations, the corrected mean J z of 393 vector magnetograms is only 11.2 per cent of the original one. This indicates that formula (2) is a valid correcting method to statistically remove the main part of the Faraday rotation at the line centre of Fe I λ5324.19 Å.
(iii) Obviously, the correcting methods in this paper are the statistical corrections for azimuth. It is not assured that the corrected value at each pixel is close to the true value; however, the methods are valid for the statistical mean values, such as J z , H c , and α av . The exact precision for single magnetograms needs further investigation. However, the correlation for mean J z in 393 magnetograms shows that it really does make an improvement to the statistical calculation of helicity in a large data sample.
(iv) The measurement and calibration of the strong longitudinal magnetic field near the umbra is another common problem with which ground-based filter-type vector magnetograghs are confronted. Ruan & Zhang (2006) point out that the circular polarization signal of the Fe I λ5324.19 line is linearly proportional to the longitudinal field strength when B z ranges from 0 to 1000 G. For B z > 1000 G, there will be a significant deviation from linearity. The analysis of Faraday rotation in the umbral neighbourhood needs further improvement in measurement as well as in calibration. However, as discussed in Section 2, we have analysed the main effects of Faraday rotation on the present calculations of current and helical parameters. It supplies us with a new method of avoiding the influence of Faraday rotation on the statistics of helicity parameters except for to the limitation of |B z | < 500 G adopted by Hagino & Sakurai (2004) .
